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Introduction {#sec1}
============

Metal halide perovskites have emerged as leading cost-effective candidates for light harvesting materials in commercialized solar panels over the past decade. The power conversion efficiency (PCE) of perovskite solar cells was first reported to be a modest, respectable 3.8% in 2009 ([@bib36]), but has since risen meteorically to exceed 22% in 2017 ([@bib81]), potentially rivaling the performance of much more established semiconductor materials such as silicon, cadmium telluride, and gallium arsenide in the foreseeable future ([@bib10]). Among the perovskites, the three-dimensional (3D) methylammonium lead iodide (MAPbI~3~) and formadinium lead iodide (FAPbI~3~) have been the most outstanding archetypes to achieve the recent record PCEs in photovoltaics ([@bib5], [@bib43], [@bib80], [@bib85]). Furthermore, besides photovoltaics, metal halide perovskites have now been deployed in numerous optoelectronic applications including photodetectors ([@bib12], [@bib41], [@bib64], [@bib75]), lasers ([@bib77], [@bib86]), light-emitting diodes ([@bib14], [@bib67], [@bib82]), and non-linear optics ([@bib84]). Although their optoelectronic properties have been remarkable, the 3D perovskites MAPbI~3~ and FAPbI~3~ possess several undesirable features that hinder their use in consumer products. For one, the perovskites containing organic ammonium cations MA and even FA are notoriously vulnerable to thermal ([@bib16], [@bib39], [@bib46]) and moisture ([@bib38], [@bib79]) degradation due to loss of their organic cations, whereas the all-inorganic CsPbI~3~ suffers from poor phase stability. Moreover, the phase purity and crystallinity of the products are sensitive to the solvents used and the synthetic procedures. For instance, the syntheses often involve dissolving the precursors in solvents such as *N*,*N*-dimethylformamide (DMF) and then spin-coating, spray-coating, or dropcasting the solutions onto substrates, resulting in thin perovskite films. In many cases, these films are then annealed at high temperatures, enabling polymorphic transformation to the desired perovskite phases. Such solution-based processes typically show reproducibility and scalability issues beyond small devices.

Mechanochemistry is an established but re-emerging, more eco-friendly, alternative solid-state synthetic technique that can be used to rapidly synthesize small molecules and materials ([@bib25], [@bib59], [@bib70]). Much of the seminal work on some of the applications has been reviewed previously ([@bib2], [@bib3], [@bib4], [@bib6], [@bib7], [@bib8], [@bib32], [@bib65]). Recently, mechanochemistry has efficiently and reproducibly provided access to metastable products in solvent-free environments, where traditional solution-based chemistry was unsuccessful ([@bib13], [@bib28]). Modern mechanochemical reactions are performed using automated ball mills, such as shaker mills or large-scale planetary mills. The reaction vessel is charged with ball bearings, typically made of hardened stainless steel, and is oscillated or spun at a controlled speed. Such solid-state milling circumvents the need to find suitable solvents and enables access to compounds that were unattainable using solution-based methodologies ([@bib26]).

Moreover, mechanochemistry has been successfully applied for the kilogram-scale synthesis of products such as metal-organic frameworks (MOFs) ([@bib11]). Although mechanochemistry had mainly been used in the preparations of pharmaceutical cocrystals and inorganic alloys and oxides ([@bib28]), seminal studies by several groups have demonstrated its compatibility for the synthesis of a few lead halide perovskites ([@bib29], [@bib31], [@bib33], [@bib42], [@bib44], [@bib47], [@bib51], [@bib63], [@bib87]). However, these examples focused on known, room-temperature, phase-stable, lead-based perovskites obtained in small scales ([@bib1], [@bib17], [@bib18], [@bib29], [@bib47], [@bib49], [@bib53], [@bib52], [@bib54], [@bib55], [@bib57], [@bib83]). Meanwhile, mechanochemistry in air-sensitive syntheses remains underexplored, which is crucial for perovskite materials. Furthermore, some perovskites such as FAPbI~3~ in its black trigonal phase, which are technologically relevant for solar cells and optoelectronic devices, have previously not been accessible in their metastable phase at room temperature other than in nanocrystalline form, with added additives, or after post-synthetic annealing. Among these reports, there were only two reported device applications and both were about solar cells ([@bib53], [@bib52]). Critically, the subsequent device fabrication involved solution processing, which could transform the initial, desired metastable perovskite into other phases and diminished the impact of the solvent-free synthesis ([@bib53], [@bib52]). We envision employing mechanochemistry to achieve a completely solvent-free process for the fabrication of perovskite devices. [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"} highlight our current article\'s sustainable and significant advances when compared with previously reported studies.Table 1Comparison between Existing Technologies and Our ProtocolsCurrent State-of-the-Art for Mechanochemical Synthesis of Metal Halide PerovskitesThis Article\'s Innovations1.Predominantly air-stable, highly toxic, Pb-based perovskites were prepared2.Milligram- to gram-scale syntheses3.Mainly room-temperature-stable perovskite phases demonstrated4.Metastable perovskite phases accessed by addition of additives or post-synthetic annealing ([@bib1], [@bib18], [@bib53])5.Post-synthetic, solvent-based perovskite device fabrication ([@bib53], [@bib52])6.Perovskite photodetectors containing Pb or thermally unstable MA cations ([@bib19], [@bib30], [@bib71], [@bib74], [@bib78])1.First examples of the oxidatively unstable, less-toxic, Sn-based perovskites demonstrated, together with Pb-based examples to illustrate versatility2.Industrially relevant "kilogram scale"3.First three examples of metastable perovskite phases of cubic CsSnCl~3~, cubic CsPbI~3~, and trigonal FAPbI~3~ accessed under ambient temperature and pressure4.No post-synthetic annealing or other processing and no additives or surfactants required to access phase-pure metastable forms5.Unprecedented, greener, low-cost, solvent-free perovskite photodetector fabrication from precursor salts6.Greener, Pb-free, all-inorganic perovskite photodetector[^2]

As part of the sustainable energy and green chemistry efforts in our team, we have recently been developing multi-dimensional lead and tin halide perovskites for light absorption and emission purposes ([@bib35], [@bib69]) and creating innovative energy solutions based on artificial photosynthesis ([@bib15], [@bib21], [@bib27], [@bib40], [@bib45]). Simultaneously, we have also been developing more eco-friendly, essentially solvent-free, mechanochemical approaches for the synthesis, functionalization, and transformation of main group compounds ([@bib60], [@bib61], [@bib62]) and complexes ([@bib22], [@bib66], [@bib72], [@bib73]). In a joint endeavor, we sought to use mechanochemistry to address the challenges encountered in solution-based syntheses of purportedly unstable metal halide perovskites.

Herein, we present the solvent-free preparation of phase-pure, all-inorganic CsSnX~3~ (X = I, Br, Cl) perovskites by ball milling cesium and tin(II) halide salts. The successful syntheses of these air-sensitive perovskites underscore the advantages of mechanochemistry over current solution-based syntheses. Furthermore, FAPbI~3~ and CsPbI~3~ perovskites in their high-temperature stable phases were also prepared at room temperature to emphasize the generality of our approach. Notably, we demonstrate that the powdered products can be converted into effective photodetectors, which is an unprecedented instance of entirely solvent-free perovskite device fabrication from the precursor salts. This report illustrates how we used unconventional, low-energy synthetic protocols to synthesize perovskites and also fabricate functional perovskite devices in practical scales under environmentally benign, virtually solvent-free conditions.

Results and Discussion {#sec2}
======================

Versatile Access to Oxidatively Unstable Sn Halide Perovskites under Ambient Temperatures and Pressures {#sec2.1}
-------------------------------------------------------------------------------------------------------

Reasonably high-purity (at least 99%) precursor salts were purchased for the syntheses, and all the new bottles of precursors and the derived products were handled exclusively in a glove box ([Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S2](#mmc1){ref-type="supplementary-material"}, see [Transparent Methods](#mmc1){ref-type="supplementary-material"} in [Supplemental Information](#mmc1){ref-type="supplementary-material"} for details). As a preliminary reaction on a 200-mg scale, CsI and SnI~2~ were placed in a 10-mL stainless-steel jar with a 1:1 stoichiometric ratio, along with one 10-mm 4.0-g stainless-steel ball providing a ball-to-reagent ratio (BRR) of 20 ([Figure 1](#fig1){ref-type="fig"}A). The reaction was set up in a N~2~ glove box to prevent the oxidation of Sn(II) to Sn(IV), sealed and removed from the glove box, and subsequently placed in a vibration mill. After 60 min of oscillation at 30 Hz, the solids were collected from the reaction vessel in a glove box, without annealing or further purification, and the uniformly colored product ([Figure 1](#fig1){ref-type="fig"}B) was characterized using powder X-ray diffraction (PXRD) in an airtight specimen holder. As shown in [Figures 2](#fig2){ref-type="fig"}A--2G, the PXRD pattern of the product matched perfectly with that of the previously reported black orthorhombic polymorph of CsSnI~3~ perovskite and a simulation from single-crystal data, and did not show any other impurities. Such phase purity for CsSnI~3~ is in stark contrast with prior solution-based methods ([@bib37]).Figure 1Mechanochemical Synthesis of All-Inorganic Tin Halide Perovskites.(A) Reaction scheme for the ball milling reaction to form all-inorganic tin perovskites using CsX and SnX~2~ (X = Cl, Br, I). The three-ball symbol above the arrow represents the mechanochemical procedure. The powders were prepared in a N~2~-filled glove box, sealed in air-tight vessels, and then milled for 60 min. The key advantages of performing such mechanochemical ball milling synthesis are highlighted in green.(B) Photographs depicting the reagents before and after milling on 200-mg scales.(C) Photograph of a 250-g scale reaction of the mixed halide perovskite CsSnBr~1.5~Cl~1.5~ after 10 h of milling.See also [Figures S1--S3](#mmc1){ref-type="supplementary-material"} and [S13](#mmc1){ref-type="supplementary-material"}.Figure 2Comparison of Data for Mechanochemically Synthesized CsSnI~3~ with those from Control Experiments.(A--F) Comparison of the PXRD patterns of CsSnI~3~ perovskite synthesized by (A) mechanochemical ball milling, (B) temperature-controlled interval milling, (C) cryomilling under liquid N~2~, and (D) heating of the solid reagents in a sand bath up to 320°C under Ar. For reference, the PXRD patterns of the starting materials (E) SnI~2~ and (F) CsI are shown.(G) Simulation of the black, orthorhombic phase of CsSnI~3~ based on single-crystal XRD data.(H) Comparison of the XPS data of the pristine, mechanochemically synthesized CsSnI~3~ perovskite (green) and the oxidized sample upon exposure to air for 30 min (red).See also [Figures S4--S7](#mmc1){ref-type="supplementary-material"} and [S19](#mmc1){ref-type="supplementary-material"}.

To eliminate the possibility of frictional heat-induced reactivity during milling, several temperature-controlled experiments were performed. These include (1) milling at cryogenic temperatures using liquid N~2~; (2) milling for 5 min, with 10-min cooling intervals (total milling duration remained at 60 min), with the temperature maintained around 27.5°C, as monitored via an infrared thermometer; and (3) heating of the solid mixture at 320°C under Ar ([Figures S4--S6](#mmc1){ref-type="supplementary-material"}). The PXRD patterns of the interval milling and cryomilling experiments matched those of the desired black orthorhombic phase CsSnI~3~ ([Figure 2](#fig2){ref-type="fig"}). Conversely, thermal heating of the premixed solid precursors at 320°C (the melting point of SnI~2~) in a sealed flask under an inert Ar atmosphere resulted in the formation of the yellow orthorhombic phase, along with unreacted CsI. These results indicate that mechanochemical treatment is essential for the observed chemical reactivity, and product formation is not merely induced by frictional heat produced during milling.

Subsequently, we verified the oxidation state of Sn in the mechanochemically synthesized CsSnI~3~ perovskite with X-ray photoelectron spectroscopic (XPS) studies ([Figure 2](#fig2){ref-type="fig"}H). The XPS experiments were all conducted under high vacuum at ambient temperatures between 295 and 298 K (see [Supplemental Information](#mmc1){ref-type="supplementary-material"} for details). The measured binding energies of the 3d~3/2~ and 3d~5/2~ electrons suggested that the Sn existed as a single-oxidation-state species. Upon exposure to air for 30 min, an approximate 0.5-eV increase in the binding energies was observed, which corresponded to the formation of Sn(IV) due to oxidation. In addition, the XPS survey spectra ([Figures S7--S11](#mmc1){ref-type="supplementary-material"}) showed no signals from any Fe species (Fe 3s and 3p electrons), which could have resulted from wear of the milling media, i.e., the balls and the jar. The XPS data confirm the phase and composition purity because metal contaminants from the milling media can affect the overall composition and properties of the perovskite ([@bib23]).

Besides X-ray diffraction and photoelectron spectroscopic characterization, scanning electron microscopy (SEM) coupled with energy dispersive X-ray (EDX) was employed ([Figure 3](#fig3){ref-type="fig"}) to confirm that the CsSnI~3~ solid produced is a homogeneous and pure phase. The SEM studies revealed that the mechanochemically synthesized powder is composed of micron-sized particles, and elemental mapping showed that it is indeed a homogeneous phase ([Figures 3](#fig3){ref-type="fig"}A--3D). Moreover, the elemental composition of the product by weight percentage (wt %) and atomic percentage (atm %) derived from EDX corroborates with the CsSnI~3~ perovskite formula ([Figure 3](#fig3){ref-type="fig"}E).Figure 3SEM and EDX Data of Mechanochemically Synthesized CsSnI~3~(A--D) (A) SEM image of the mechanochemically synthesized CsSnI~3~ perovskite, with EDX analysis of the different elements (B) Cs (blue), (C) Sn (yellow), and (D) I (red), illustrating that the elements are homogeneously distributed throughout the solid particles.(E) The elemental composition as determined by EDX shows an approximately 1:1:3 molar ratio of Cs:Sn:I atoms, which coincides with the chemical formula of CsSnI~3~. The experimental weight percentages of each element showed no significant deviation from the calculated values.See also [Figures S7](#mmc1){ref-type="supplementary-material"} and [S19](#mmc1){ref-type="supplementary-material"}.

The successful, efficient, and rapid formation of phase-pure CsSnI~3~ encouraged us to expand our mechanochemical protocol to other halide precursors ([Figure 1](#fig1){ref-type="fig"}B) and obtain the corresponding CsSnX~3~ (X = Cl, Br). The desired perovskites were readily produced in their cubic phases, as evidenced by the PXRD data, without further optimization. The cubic polymorphs of the CsSnX~3~ perovskites are all isostructural with only minor shifts in the relative peak positions of their PXRD patterns and can be readily distinguished from one another ([Figure 4](#fig4){ref-type="fig"}). Furthermore, we investigated the formation of mixed halide perovskites such as CsSnBr~1.5~Cl~1.5~ and CsSnBr~1.5~I~1.5~, which were readily obtained using our mechanochemical method. Notably, these mixed halide perovskites are produced with precise stoichiometric control, and they consist of phase-pure mixed halides rather than a mixture of their constituent single-halide perovskites, as evidenced by PXRD analysis ([Figure 4](#fig4){ref-type="fig"}) and SEM-EDX studies ([Figure S12](#mmc1){ref-type="supplementary-material"}). This highlights a major advantage of mechanochemistry over solution-based processes. For solution-based methods, the stoichiometric outcome of the product can depend on the precursor solubility, temperature, and other reaction conditions, which can affect the recrystallization rates and thus the final composition of the material ([@bib87]). In addition, instances of solvent-free, neat, mechanochemical reactions facilitating the formation of cubic-phased perovskites are rare ([@bib29]).Figure 4PXRD and Optical Characterization of Mechanochemically Synthesized Tin Halide Perovskites(A--H) Comparison of the PXRD patterns of the mechanochemically synthesized (A) 200-mg-scale CsSnBr~1.5~I~1.5~, (B) 25-g-scale CsSnBr~3~, (C) 250-g-scale CsSnBr~1.5~Cl~1.5~, (D) 200-mg-scale CsSnBr~1.5~Cl~1.5~, and (E) 200-mg-scale CsSnCl~3~ perovskites with the simulated (F) cubic and (G) monoclinic phases of CsSnCl~3~. The green dashed lines help to show that the various CsSnX~3~ perovskites are distinct but isostructural to one another, and that they all correspond to the cubic polymorph. These scalable mechanochemical reactions clearly contain phase-pure cubic products. The (H) UV-vis DRS spectra and (I) PL spectra of the various mechanochemically synthesized perovskites. The PL of the CsSnCl~3~ perovskite was measured but was not detectable. See also [Figures S8--S14](#mmc1){ref-type="supplementary-material"}.

Industrially Relevant "Kilogram-Scale" Syntheses of Perovskites {#sec2.2}
---------------------------------------------------------------

The scalability of the mechanochemical solid-solid reaction was then investigated with a planetary ball mill containing four 250-mL reaction vessels. We first attempted a 25-g (50 mmol scale) synthesis of CsSnBr~3~ by neat milling CsBr and SnBr~2~ for 3 h, using one 250-mL reaction vessel charged with a mixture of 4.0-g and 13.5-g stainless-steel milling balls (BRR = 2.35, [Figure S2](#mmc1){ref-type="supplementary-material"}). Remarkably, full conversion of the precursors occurred as confirmed by PXRD measurements ([Figure 4](#fig4){ref-type="fig"}). We isolated 23.55 g of the pure, black, cubic-phase CsSnBr~3~ in the glove box, which corresponded to a 94% yield. It is noteworthy that this scale-up from 200 mg in a shaker mill to 25 g in a planetary ball mill did not require much optimization, apart from increasing the reaction time and varying the BRR.

Encouraged by these results, we then performed the mechanochemical synthesis of the mixed halide CsSnBr~1.5~Cl~1.5~ on a 250-g scale, using the same 250-mL reaction vessel, as a proof of concept to access perovskites in "kilogram scales." A powdered mixture of CsBr, CsCl, SnBr~2~, and SnCl~2~ (0.29 mol each) was added to the reaction vessel in a N~2~ glove box and charged with stainless-steel balls (BRR = 1.30). The air-tight vessel was then installed in a planetary mill, and the reagents were milled for a total of 10 h ([Figure S3](#mmc1){ref-type="supplementary-material"}, see [Supplemental Information](#mmc1){ref-type="supplementary-material"} for details). The milling time was increased to ensure complete conversion. A bright orange solid powder (240.9 g, 96% isolated yield) was obtained ([Figure 1](#fig1){ref-type="fig"}C). Full utilization of all four vessel holders of the planetary mill would thus enable the solvent-free synthesis of around 1 kg of the desired perovskite. PXRD analysis confirmed the absence of all the four precursors, and the pattern was indistinguishable from pure, metastable cubic CsSnBr~1.5~Cl~1.5~ ([Figure S13](#mmc1){ref-type="supplementary-material"}). These large-scale experiments highlight the scalability of the mechanochemical reactions, without compromising the quality and selectivity of the products.

Subsequently, UV-visible diffuse reflectance spectroscopic (UV-vis DRS) and steady-state photoluminescence (PL) studies were conducted to evaluate the optical properties of our mechanochemically synthesized perovskites. All optical measurements were conducted at ambient temperatures and pressures on samples that had been sealed into air-tight quartz cuvettes inside a glove box before being transferred to the spectrometer (see [Supplemental Information](#mmc1){ref-type="supplementary-material"} for details). The UV-vis spectra ([Figure 4](#fig4){ref-type="fig"}H) revealed that the tin halide perovskite absorbs light within the 200- to 900-nm region, similar to their lead-based counterparts ([@bib87]). The CsSnBr~3~ and CsSnI~3~ samples showed PL with narrow peaks at 673 and 943 nm ([Figure 4](#fig4){ref-type="fig"}I), respectively, upon excitation using a 500-nm laser source, whereas their spin-coated thin-film counterparts had very similar but broader PL peaks positioned at 674 and 941 nm, respectively ([Figure S14](#mmc1){ref-type="supplementary-material"}A). Owing to the lower solubilities of CsBr and SnBr~2~ compared with their iodide homologs in DMF, we observed that it was more difficult to obtain a uniform, spin-coated thin film of CsSnBr~1.5~I~1.5~, possibly due to the different crystallization kinetics of the disparate halide salts (bromides crystallize faster) from DMF solutions. Consequently, the PL intensity and signal-to-noise ratio for the CsSnBr~1.5~I~1.5~ was comparatively poorer than its monohalide congener ([Figure S14](#mmc1){ref-type="supplementary-material"}A). Notably, these results verify that the optical properties of the mechanochemically synthesized perovskites are from phase-pure products with improved crystallinity over their conventional solution-processed counterparts. For the mixed halide CsSnBr~1.5~Cl~1.5~ and CsSnBr~1.5~I~1.5~, their UV-vis absorption and PL maxima are between those of their single-halide counterparts, indicating the tunability of the optical properties. By simply varying the stoichiometric composition of each halide, it is possible to achieve stoichiometrically altered perovskites with the specifically desired optical absorption, which is less predictable for solution-based methods.

Unprecedented Access to Technologically Relevant Metastable Phases without Additives and Post-synthetic Thermal Annealing {#sec2.3}
-------------------------------------------------------------------------------------------------------------------------

For CsSnCl~3~ to be isolated as the pure cubic phase described above is unprecedented, because the cubic polymorph is known to be a metastable high-temperature phase and was previously thought to be achievable only by heating the monoclinic phase to at least 117°C ([@bib48], [@bib58]). The ability to prepare the cubic phase for CsSnCl~3~ by mechanochemistry inspired us to explore the possibility of obtaining the metastable high-temperature phases for other perovskites. To establish that our ball milling methodology is highly versatile and applicable to all metal halide perovskites, we conducted the mechanochemical synthesis of two other metastable and technologically relevant perovskite phases, the hybrid inorganic-organic FAPbI~3~ and the all-inorganic CsPbI~3~ systems. Remarkably, unlike previous reports on accessing metastable lead halide perovskites ([@bib1], [@bib18], [@bib53]), our current protocol is conducted at ambient temperature and pressure, does not require the introduction of additives or surfactants, and also does not need post-synthetic thermal annealing or other processing.

It is known that FAPbI~3~ can exist as two polymorphs, namely, the black trigonal and the yellow hexagonal phases ([@bib76]). The metastable black trigonal phase of FAPbI~3~ was previously obtained by heating the yellow hexagonal phase to 185°C ([@bib24]). Similarly, for CsPbI~3~, the metastable, non-nanocrystalline, black cubic phase was only achieved at elevated temperatures, up to 260°C, as reported recently by Pradhan et al. ([@bib50]) In addition, it is noteworthy that such solution processing methods had either been unsuccessful in obtaining a pure high-temperature phase product for these two lead-based perovskites at room temperature, or required the use of corrosive starting reagents like hydroiodic acid or sustained heating for several days.

For the mechanochemical synthesis of FAPbI~3~, our preliminary reaction involved ball milling FAI and PbI~2~ in a shaker mill for 1 h. Despite the product\'s uniform black color, PXRD analysis revealed that it was composed of a mixture of the yellow hexagonal and black trigonal phases, consistent with solution-based results ([@bib24]). It had been previously established that mechanochemistry can be used to alter product selectivity ([@bib26]) by changing experimental parameters such as the milling frequency, duration of milling, or the BRR. The solid-state selectivity can also be enhanced by using small quantities of a liquid milling auxiliary, which serves as a lubricant to improve mixing of the reagents, also known as liquid-assisted grinding (LAG) ([@bib20]). Systematic screening of these parameters ([Figure 5](#fig5){ref-type="fig"}) revealed that the yellow hexagonal phase can be readily obtained by solvent-free milling for 10 min, whereas the pure black trigonal phase can be afforded by LAG for 15 min, using pentane as a milling auxiliary. Prolonged milling led to mixed-phase products.Figure 5The PXRD Patterns for the Mechanochemically Synthesized FAPbI3 Perovskites at Different ConditionsSee also [Figures S15--S17](#mmc1){ref-type="supplementary-material"}.

It is significant that our mechanochemical protocol enabled selective access to the metastable FAPbI~3~ at room temperature without further annealing. The rapid (10--15 min) and efficient formation of the pure individual phases by mechanochemistry further highlights its benefits over the solution-based counterparts. We observed by PXRD that impurities arising from the yellow hexagonal FAPbI~3~ appeared with the black trigonal phase within 4 days after the mechanochemical synthesis ([Figure S15](#mmc1){ref-type="supplementary-material"}). This rapid phase transition of FAPbI~3~ underscored the remarkable phase purity and ability to reliably access metastable materials by our mechanochemical protocol. The UV-vis DRS spectrum of the FAPbI~3~ indicated that the absorption edge is at 800 nm, with the PL maximum at 814 nm ([Figure 6](#fig6){ref-type="fig"}A), which are consistent with reported values ([@bib24]). Time-resolved PL (TRPL) measurements of the as-synthesized trigonal phase powder were also conducted at 130 μJ cm^−2^, and two decay processes were observed. The fast decay process with a 270-ps lifetime (69%) likely arises from trap-assisted recombination, whereas the slow process with 1.6 ns (31%) could originate from free charge-carrier recombination ([Figure 6](#fig6){ref-type="fig"}B).Figure 6Steady-State and Time-Resolved Spectroscopic Data of Mechanochemically Synthesized Trigonal FAPbI~3~.(A) UV-vis DRS and PL measurements of the trigonal FAPbI~3~ synthesized using our solvent-free protocol.(B) TRPL of as-synthesized trigonal FAPbI3 upon excitation at 400 nm. The plot was fitted biexponentially to give a short-lived process with a lifetime of 270 ps and a longer process with a lifetime of 1.6 ns.See also [Figures S14](#mmc1){ref-type="supplementary-material"}, [S16](#mmc1){ref-type="supplementary-material"}, and [S17](#mmc1){ref-type="supplementary-material"}.

Likewise, for the synthesis of the all-inorganic CsPbI~3~ perovskite, our mechanochemical protocol involved ball milling of CsI and PbI~2~ precursors for 15 min, which rapidly afforded the desired high-temperature black cubic phase, as confirmed by PXRD ([Figure S16](#mmc1){ref-type="supplementary-material"}A). This is in stark contrast to reported solution-based protocol, which utilizes corrosive hydroiodic acids and requires additional capping reagents such as oleic acids and oleylamine as well as molten Cs-oleate precursors ([@bib50]). *Ex situ* PXRD measurements revealed that ball milling for only 5 min resulted in the formation of a mixed black cubic and yellow orthorhombic phase product. The yellow orthorhombic phase then rapidly converts into the black cubic phase upon prolonged milling. The UV-vis absorption edge of the synthesized powder product was determined to be at 700 nm, whereas the PL maximum was centered at 724 nm ([Figure S16](#mmc1){ref-type="supplementary-material"}B). TRPL measurements were also carried out at 20 μJ cm^−2^ and revealed two decay processes with lifetimes of 85 ps and 1.1 ns ([Figure S16](#mmc1){ref-type="supplementary-material"}C). Especially remarkable is the prolonged stability of the CsPbI~3~ prepared by our methods. The yellow orthorhombic CsPbI~3~ phase was recently prepared by mechanochemical synthesis under ambient conditions, followed by thermal annealing to access the black cubic phase ([@bib34]). The authors conducted a thorough kinetic analysis with ^133^Cs solid-state nuclear magnetic resonance spectroscopy and concluded that the cubic CsPbI~3~ has a half-life of only around 29 min under ambient atmospheric conditions ([@bib34]). In our hands, however, we observed that CsPbI~3~ prepared by our mechanochemical synthesis appears to remain indefinitely stable at room temperature and pressure, as long as it is stored in a glove box with \<0.5 ppm of water and O~2~ ([Figure S17](#mmc1){ref-type="supplementary-material"}). This highlights another advantage of the versatility in using mechanochemical synthesis to access nominally air-, moisture-, or thermally sensitive metal halide perovskites or other compounds.

Completely Solvent-free Fabrication of Functional, All-Inorganic Perovskite Devices from Precursor Salts {#sec2.4}
--------------------------------------------------------------------------------------------------------

Perovskites have been widely studied for their optoelectronic properties. Despite numerous reports of lead halide perovskites for optoelectronic applications, their tin-based counterparts are plagued by undesirable dark conductivity at room temperature owing to high densities of defects, so their incorporation into devices remains challenging. Notably, all previous reports of applications from mechanochemically synthesized perovskites required post-synthetic solution processing ([@bib53], [@bib52]). In addition, only solar cells have been presented as the device application ([@bib53], [@bib52]), including one groundbreaking solvent- and vacuum-free route to perovskite solar cells, although pressure treatment instead of mechanochemistry was employed ([@bib9]). Yet, it has been previously proposed that the orthorhombic black CsSnI~3~ can be used as a promising alternative to toxic gallium arsenide (GaAs) as a semiconductor material ([@bib68], [@bib77]). In addition, the cubic CsSnBr~3~ has also shown great potential for photodetector applications ([@bib37]).

As a proof of concept that functional devices can be made from their precursors in a completely solvent-independent manner, we fabricated photodetector devices directly from our mechanosynthesized perovskites and evaluated their performances by conducting photocurrent measurements. The devices can be readily made by mechanically compressing the perovskite powders into small disks using a hydraulic pelleting press under an inert N~2~ atmosphere. Subsequently, gold electrodes were then vapor deposited onto the disks to create an active device area of 8.0×10^−3^ cm^2^ ([Figures 7](#fig7){ref-type="fig"}A and [S18](#mmc1){ref-type="supplementary-material"}). The photocurrent measurements of the devices were then conducted under the illumination of a 445-nm light-emitting diode lamp *in vacuo*. Among the examined tin-based devices, CsSnBr~1.5~Cl~1.5~ performed the best ([Figure 7](#fig7){ref-type="fig"}B) and exhibited nearly 10 times as much current (44.3 nA) under illumination than in the dark (4.94 nA). The device also displayed on-off responsiveness without significant hysteresis during the working cycles ([Figure 7](#fig7){ref-type="fig"}B), with an overall responsivity and detectivity of 8.1×10^−2^ mA⋅W^−1^ and 1.8×10^−8^ Jones, respectively.Figure 7Photodetector Fabricated under Solvent-Free Conditions from Mechanochemically Synthesized CsSnBr~1.5~Cl~1.5~(A) Images of the fabricated photodetector device made from mechanochemically synthesized CsSnBr~1.5~Cl~1.5~.(B) The current versus time curve for a device made from mechanochemically synthesized CsSnBr~1.5~Cl~1.5~ with a light intensity of 0.55 mW under a bias of 0.10 V, denoting multiple light-dark cycles.See also [Figure S18](#mmc1){ref-type="supplementary-material"}.

Nevertheless, owing to the limitations of the instrumental setups, short-term exposure of these devices to air for several seconds was inevitable, which could cause Sn(II) oxidation on the exposed top surfaces. The small amounts of Sn(IV), which could be detected by XPS experiments, were likely to be the cause of the high dark current that we detected. However, we highlight that these tin-based perovskites\' device performance data have not been determined or reported previously. Moreover, the solution-processed thin-film devices made by spin-coating could not be evaluated conclusively owing to the poor solubility of the perovskite powders and their precursor salts. The solution-based processing methods are known to be affected by problems such as reproducibility, oxidation, and phase impurities of the thin films ([Figure S19](#mmc1){ref-type="supplementary-material"}), especially for tin-based perovskites ([@bib56]), which will impede their widespread applicability in optoelectronic devices. Through simple utilization of a hydraulic press, we were able to demonstrate a proof of concept for an entirely solvent-free prototype fabrication from commercially available precursor salts of the perovskites.

Although the state-of-the-art for perovskite photodetectors remain as Pb-based devices, the necessity for toxic Pb is patently undesirable. Some recent examples of Pb-free photodetectors were reported, but they contain hydrolytically and thermally unstable organic ammonium cations ([@bib19], [@bib30], [@bib71], [@bib74], [@bib78]). Thus we have illustrated the first green, Pb-free, all-inorganic perovskite functional photodetector, and only the second instance of an entirely solvent-free perovskite device fabrication ([@bib9]). This employment of mechanochemical ball milling combined with the use of a hydraulic press represents a pioneering synthetic protocol to fabricate a functional device from metal salt precursors in a completely solvent-free and feasibly scalable manner.

Conclusions {#sec2.5}
-----------

In summary, we have developed a mechanochemical protocol for the rapid, solvent-free, general synthesis of multiple metal halide perovskites, which can be produced at up to kilogram scales. Critically, even metastable perovskites were achieved mechanochemically in high purity under ambient conditions while circumventing the need for additives or post-synthetic thermal treatment. Moreover, we fabricated a photodetector device from these powders via a hydraulic press, creating the first functional device based on an all-inorganic, Pb-free perovskite, establishing a completely solvent-free protocol starting from commercially available precursor salts. These results highlight the prominent advantages of our mechanochemical approach for the synthesis of perovskites and underscore the promise of mechanochemistry for the large-scale fabrication of perovskite devices. We believe that our solvent-free mechanochemical methodology can dramatically reduce the energetic and environmental footprint for the fabrication of perovskite devices and pave the way for broader adoption by industry in the future.

Limitations of the Study {#sec2.6}
------------------------

Although we demonstrated that mechanochemical synthesis can be applied to prepare air-, moisture-, and thermally sensitive metal halide perovskites, these materials require stringent handling under an inert atmosphere. Many of the materials that we examined, especially the metastable ones, cannot be readily incorporated into devices without additional encapsulation and other fabrication procedures, which could increase the environmental footprint. Nonetheless, this study illustrates a proof-of-concept about the versatility of mechanochemical synthesis, not only for stable materials but also for ostensibly sensitive compounds.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods, Figures S1--S19, and Tables S1 and S2
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